The present study deals with the Coupled Magnetic-Structural analysis of Magnetic pulse welding process applied on a tubular workpiece. The study investigates the various criteria required for a successful weld between the mating members through a Finite element model developed using COMSOL Multiphysics. The transient electromagnetic field phenomenon is coupled sequentially with mechanical phenomenon. The coupling between the magnetic field and the electrical circuit is formulated in the electromagnetic part of the model, whereas in the structural part, the impact velocities, the effective plastic strain induced in the workpiece and the direction and magnitude of the shear stress at the impact zone are found from the numerical simulations. A viscoplastic material model with rate dependent material properties is considered in the structural part. The effect of varying process parameters: input voltage and air gap between the two mating members on weld quality are computed through numerical simulations. Based on the results of the numerical simulations an optimal weldability window is suggested.
Introduction
Recent studies and advances in the welding fraternity have been made in order to develop a newer process which enables us to achieve better quality, increase productivity and is environment friendly. Magnetic pulse welding (MPW) is a step forward into the future of welding. In the past few decades the development of a joining technology to weld multimaterial combinations and efficiently join lightweight structures has been an area of significant and growing interest. In the specific case of multi-metallic assembly, the MPW process is known as a potential joining solution (Raoelison et al., 2013) . The process is quite effective and reliable in terms of cost and performance respectively having analogy to Explosive welding (EXW) (Zhang et al., 2011) . The entire process is a noncontact technique wherein a magnetic field helps generate the required magnetic pressure to drive the workpieces towards each other by conversion of the electrical energy into mechanical energy and subsequently weld the mating members as shown in Figure 1 . In other words MPW is a shock welding process where a high current passing through the electromagnetic coil surrounding the workpieces helps generate the requisite high pressure to achieve a successful weld, the feasibility of the welding depending upon the velocity of the flyer (Kore et al., 2010) , the direction and magnitude of the shear stress in the weld zone and severe plastic deformation occurring on the surface of the mating members (Mousavi and AlHassani, 2008) .The weld length in MPW process is usually less than 1 cm, time needed for the formation of the bond is several microseconds, and the collision speed is of the order of several hundreds of metres per second (Stern and Aizenshtein, 2001) .The temperature at the interface is always less than the melting point of the mating members. Successful application of MPW for tubular geometries dates back to 1969 (Zhang et al., 2011) . With the recent development of the process, welding of the cylindrically symmetrical workpiece has been made possible. The welding of axi-symmetric structures, i.e., tubes has been established by many researchers (Kore et al., 2010) . In order to optimise the essential parameters like, frequency, current, inductance, and dimensions of the coil and work-piece, electromagnetic field analysis is required. A finite element model (FEM) can allow selection of optimum process parameters and an optimum coil design. The finite element modellingof MPWprocess requires coupling between electromagnetic and structural models. Avaliable literature on numerical modelling of tubes is limited. Shim et al. (2010) investigated welding characteristics according to the distributions of an electromagnetic force on the weldment using a finite element method to find the optimal process parameters such as input current and frequency. Haiping et al. (2014) studied the effect of the geometry of the field shaper on cladding quality as well as other main process parameters such as feeding size, radial gap and discharge voltage. Zhidan et al. (2013) studied the impact velocity of the welding points of Al-Fe heterologous pipe fitting.
The present study deals with the numerical modelling of the MPW process applied to the tubes. A strong coupling was established between the electromagnetic and structural models using finite element modelling software 'COMSOL Multiphysics'. The feasibility of welding was investigated by studying three factors viz. impact velocity, effective plastic strain and shear stress acting in the welded zone/impact zone based on published literature (Kore et al., 2010; Mousavi and Al-Hassani, 2008) . The impact velocity, effective plastic strain and shear stress along the weld zone were all determined from the numerical simulations. Based on available literature, analytical calculations were done to determine the minimum impact velocity required for a successful weld to occur. The published literature also suggests minimum values of effective plastic strain and shear stress along the weld zone to determine the weldability of the joint. The feasibility of MPW of tubes was then ascertained by comparing the analytical values of impact velocities, effective plastic strain and shear stress with the numerically computed values. The foregoing three criteria were calculated at various levels of process parameters viz. input voltage and air gap between the mating members. Based on the varying process parameters and subsequent values of impact velocity, effective plastic strain and shear stress along the weld zone crossing a threshold value required for successful welding, a suitable weldability window for producing high weld length was reached upon.
Modelling For Analysis

Materials
In order to examine the process of MPW, Structural steel ASTM A36 tubes were simulated as a 2D axisymmetric problem in the FEM. Table 1 and Table 2 show the chemical composition and material properties used in the model respectively. The invesigated welding tests weretypically composed of a hollowflyer and a hollow cylindrical base tube. The outer and inner diameter of the base tube were kept fixed at 19 mm and 15 mm respectively for each of the test cases. Table 3 lists the dimensions of the flyer tube for five different air gaps between the flyer and the base tubes. The outer and inner diameter of the flyer tube was adjusted to calibrate the required air gap and are denoted as D2and D1 respectively gap between the tubes has been denoted by G arrangment of the flyer and the base tubes along with specific dimensions is shown in Figure 2. 
Input process parameters
The simulations were carried out at varying process parameters. The process parameters which were varied for performing the simulations were air gap and input voltage. The input voltage was varied in steps of 0.5 kV from 5 kV to 7.5 kV, the air gap being varied from 0.5 mm to 2.5 mm in steps of 0.5 mm. The simulations were performed with a multi turn coil. Properties of the copper coil are listed in Table 4 Table 3 Dimensions of flyer tube for varying Table 4 and are denoted as D2and D1 respectively. The air tubes has been denoted by G. The arrangment of the flyer and the base tubes along with specific dimensions is shown in Figure 2 .
The simulations were carried out at varying process parameters which were varied for performing the simulations were air gap and input voltage. The input voltage was varied in steps of 7.5 kV, the air gap being varied from 0.5 mm to 2.5 mm in steps of 0.5 mm. The multi turn copper opper coil are listed in Table 4 . The flowchart for a sequentially coupl Electromagnetic-Structural analysisis illustrated in Figure  3 . The physical environments viz. Electromagnetic and Structural (electroma and flyer and base tubes, respectively) were established at first. The electromagnetic environment was then solved, which calculated the transient magnetic forces, i.e. Lorentz forces. These forces were fed as input load in the structural module to calculate the flyer tube's deformation at subsequent time steps. Based on the updated geometry of the tube, the time magnetic forces were found out at subsequent time steps. The electromagnetic module consisted of the flyer and target tubes, the electromagnetic coil and a surrounding air region, whereas the structural module was related to the flyer, the target tubes, and the coil. The structural module took into consideration the inertial effects because of time dependent stress. 
Governing equations
In the tube region, Eq. (1) stated below can be derived by substitution of the constitutive equations into the Maxwell's equations (Haiping and Chunfeng, 2009) :
where µ is the magnetic permeability of the medium (H/m), ϒ is the conductance of the medium (S/m), -ϒ(∂‫ܣ‬ Ԧ /∂t) is the induced current density in a tube (A/m 2 ) and ‫ܣ‬ Ԧ is the magnetic vector potential.
The magnetic force ݂ Ԧ in unit volume of medium, i.e., the magnetic force density is given by Maxwell's equation as follows (Haiping and Chunfeng, 2009 ): , respectively) were established at first. The electromagnetic environment was then olved, which calculated the transient magnetic forces, i.e. Lorentz forces. These forces were fed as input load in the structural module to calculate the flyer tube's deformation at subsequent time steps. Based on the updated geometry of the tube, the time dependent magnetic forces were found out at subsequent time steps. The electromagnetic module consisted of the flyer and target tubes, the electromagnetic coil and a surrounding air region, whereas the structural module t tubes, and the coil. The structural module took into consideration the inertial effects because of time dependent stress. ( 1) is the magnetic permeability of the medium is the conductance of the medium (S/m), is the induced current density in a tube is the magnetic vector potential.
in unit volume of medium, the magnetic force density is given by Maxwell's equation as follows (Haiping and Chunfeng, 2009 ):
where‫ܬ‬ Ԧ represents the current density in the coil (A/m 2 )
and ‫ܤ‬ ሬԦ represents magnetic flux density (T). The magnetic forces acting on the tube can thus be calculated by substituting ߘ ൈ ‫ܣ‬ Ԧ ൌ ‫ܤ‬ ሬԦ and Eq. (1) into Eq. (2) and the input body load in the mechanical module.
The load in the electromagnetic module is the pulse of current which passes through the coil and this current is approximately expressed as (Haiping and Chunfeng, 2009) :
whereU is the initial discharge voltage, C is the total capacitance of the capacitor bank, L is the equivalent inductance of the system, β is the damping exponent and ω is the angular frequency. The constitutive behaviour of the tube material is described by the default constitutive relation built in COMSOL i.e. the Cowper-Symonds constitutive model (Haiping and Chunfeng, 2009) .
where ߪ ௬ is the quasi-static flow stressߝሶ is the plastic strain rate (s −1 ), P and m are specific material parameters.
Weld validation criterion
Three different criteria were investigated to ascertain the weldability of the joint namely: a) Impact velocity b) Effective plastic strain c) Shear stress
a) Impact velocity
Due to the absence of any specific criterion for MPW and the process being closely analogous to EXW, the criterion suggested by Kore et al. (2010) , was used to obtain the minimum impact velocity required for a successful weld to occur. Impact velocity is one of the major factor which decides the occurrence of weld and/or formation of a wavy interface in the welded zone. Published literature suggests an analytical relation to calculate the minimum velocity of impact required for the weld occurrencefor similar material combination (Kore et al., 2010) . The relation is given as:
(5) whereU is the minimum impact velocity required for successful welding to occur, ߪ ் is the ultimate tensile stress (MPa) and ܵ is the bulk sound velocity (m/s).
The impact velocity required to conduct a successful weld between two Structural steel ASTM A36 tubes was calculated to be 297.7 m/s from Eq. (5).
b) Effective plastic strain
Available literature (Mousavi and Al-Hassani, 2008; Mousavi and Joodaki, 2005) on MPW as well as EXW suggests that effective strain can be used as a possible criterion for bonding. Literature suggests that there must exist a threshold value of effective plastic strain for bonding to take place. A value of 0.35 was suggested as the limiting value for bonding of steel to steel (Mousavi and Al-Hassani, 2008 ).
c) Shear Stress
Available literature (Mousavi et al., 2005; suggests that shear stresses in the base and flyer tubes at the impact zone should be of opposite sign for successful welding. If the shear stresses in the contact area were of the same sign in the two mating members welding was unlikely. A threshold value of 0.5 GPa was suggested to decide the weldability for stainless steel joints (Mousavi et al., 2005) .
Results and Discussions
The numerical simulations to assess the weldability of the structural steel ASTM A36 tubular assembly were carried out at various input parameters as mentioned earlier. The maximum amount of velocity computed was in the range from 104.28 m/s and 544.54 m/s, maximum amount of plastic strain computed was in the range from 0.251 and 1.58 while for shear stress the range was from 3.57ൈ10 8 Pa to 1.81ൈ10 9 Pa. The process parameters that characterized the three weldability criteria were interrelated. The interrelation is explained through Figures 4, 5 and 6 that depict the influence of process parameters on the impact velocity, the effective plastic strain, and the shear stress, respectively. From the results of the numerical simulations it was observed that the velocity of impact at an air gap of 0.5mm and input voltage ranging from 5kV to 7.5kV could not cross the threshold value, calculated analytically, required toconduct a successful weld. Below this particular value the tubes were unable to fly with maximum velocity. At lower values of air gap collision took place before the tubes attained the maximum velocity, (Kore et al.; 2007) . At higher air gaps and with an increasing input voltage the impact velocity crossed the threshold value as shown in Figure  4 .This can be attributed to the fact that the tubes attained maximum kinetic energy at maximum value of air gap (2.5 mm in the present study).This is in th International & 26 th All India Manufacturing Technology, Design and Research Conference (AIMTDR 2014) December 12 Guwahati, Assam, India agreement with the previously published observations (Zhidan et al., 2013 ) that one of the simplest ways to increase the quality of MPW is to increase the input voltage. During the MPW, energy discharged by the capacitor bank is directly proportional to the square of the input voltage for a given value of capacitance. an increase in discharge energy, the energy of the flyer tube also increases and so does the impact velocity.
Figure 4 Impact velocities at different air gaps and input voltages.
As the input voltage was increased, the plastic strain induced in the members as well as the shear stress, increased up to an extent as shown in Figures 5  and 6 respectively. The increase of the input voltage led to an increase in the pressure acting upon the flyer tube. The pressure in the impact zone was mainly due to two phenomena: pressure induced due to the magnetic field and a pressure due to the impact intensity (Raoelison et al., 2012) .High impact velocities produced high plastic deformation which subsequently resulted in higher values of effective plastic strain at the impac numerically computed results suggest the existence of a plastic strain band, as well as a severely deformed impact zone with high values of plastic strain. values of plastic strain crossed the threshold value for input voltages ranging from 5.5 kV to 7.5 kV for almost all air gaps suggesting that below 5.5 kV the bonding would not take place ( Figure 5 ). As the air gap was increased, the plastic strain values showed an increasing trend up to a certain value of input voltage and subsequently the value decreased. This confirms the presence of an intermediate air gap (around 1.5 mm in the present case) between the members to achieve a good weld.At the lower air gap, it would not be possible to create a weld due to pressure deficiency, whereas at very high gaps the impact would not take place.
The shear stress values had opposite signs for the flyer and target tubes, respectively, for the cases where it crossed the threshold value of 0.5 GPa. At an input voltage of 5 kV the shear stress value wa threshold value for all the air gaps except for 0.5 mm air gap. From Figure 6 it can be seen that the shear stress All India Manufacturing Technology, Design and Research Conference (AIMTDR 2014) December 12 ously published observations that one of the simplest ways to increase the quality of MPW is to increase the input During the MPW, energy discharged by the capacitor bank is directly proportional to the square of r a given value of capacitance. With crease in discharge energy, the energy of the flyer tube also increases and so does the impact velocity.
Figure 4 Impact velocities at different air gaps and
As the input voltage was increased, the plastic as well as the shear stress, increased up to an extent as shown in Figures 5  and 6 respectively. The increase of the input voltage led sure acting upon the flyer tube. The pressure in the impact zone was mainly due to two a: pressure induced due to the magnetic field nsity (Raoelison et 2012) .High impact velocities produced high plastic deformation which subsequently resulted in higher values of effective plastic strain at the impact zone. The numerically computed results suggest the existence of a plastic strain band, as well as a severely deformed impact zone with high values of plastic strain.The values of plastic strain crossed the threshold value for 5.5 kV to 7.5 kV for almost all air gaps suggesting that below 5.5 kV the bonding would not take place ( Figure 5 ). As the air gap was increased, the plastic strain values showed an increasing trend up to a certain value of input voltage and . This confirms the air gap (around 1.5 mm in the present case) between the members to achieve a good weld.At the lower air gap, it would not be possible to create a weld due to pressure deficiency, whereas at gaps the impact would not take place. The shear stress values had opposite signs for the flyer and target tubes, respectively, for the cases where .5 GPa. At an input kV the shear stress value was below the except for 0.5 mm air . From Figure 6 it can be seen that the shear stress crossed the threshold value for almost all air gaps at voltages ranging from 6.5 kV to 7.5 kV. Based on the three validation criteria and their numerically computed values a suit window was developed. The window encompassed those values of input process parameters, where the impact velocity, effective plastic strain and shear stress together crossed their respective threshold values. The window defined the particular input parameters suitable for conducting a successful weld as shown in Figure  7 .As soon as the three weldability criteria crossed their respective threshold values, a sound wasassumed to occur based on literature. weldability window givesan idea of correct input process parameters to conduct successful welding of Structural steel ASTM A36 tubular MPW. The weldability window developed suggests the existence of a range starting from intermediate to maximum values of process parameters (air gap and input voltage) that could produce a sound weld.
The results of the present investigation emphasise on the need for an all-inclusive approach towards weldability criteria for MPW. Considering all the three criteria would provide a more reliable range of parameters to work with. Furthermore, use of FEM simulation would save the cost and the time spent in development of a product. 
